The rapidly increasing use of sibling comparisons is a welcome development in epidemiology. Although sibling designs have been used by epidemiologists since the mid-20th century, contemporary researchers are extending the range of applications, clarifying appropriate methods 1 and introducing novel strategies. The proliferation of sibling studies has not been matched, however, by comparable progress towards a conceptual framework that gives coherence to the new array of approaches. We propose that, as a starting point for a conceptual framework, a fundamental distinction be made between designs that assume a 'stable' vs 'dynamic' family context. Designs that assume a stable family context exploit the fact that siblings share stable aspects of family context as well as half their genome. In 'sibling discordance' studies, for example, we compare outcomes among siblings who are discordant for an exposure of interest, and we want the siblings to be as similar as possible in family context and genetic predisposition. Differences between siblings in family context are potential confounders, and, when measured (e.g. birth order), are controlled in the analyses. Influences of family members upon one another are generally disregarded. In contrast, designs that assume a dynamic family context exploit the fact that siblings and other family members influence each other in a variety of ways. In birth-order studies, for example, we compare outcomes among siblings who encounter different family contexts and may play a role in creating these contexts. Influences of family members upon one another, and the resulting changes in family context, are the topic of investigation. We hope to show that this distinction between sibling designs based on stable vs dynamic family context is readily understood, broadly applicable to traditional as well as novel approaches, and useful as a starting point. To this end, we portray a range of recent sibling studies, and consider them within this framework. Our overarching goal is to stimulate others to further elaborate the conceptual underpinnings of sibling designs.
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Sibling designs based on stable family context
Since the sibling discordance study is probably the most widely used sibling design, we use it to characterize designs based on stable family context. The power of this approach resides in its ability to vary one aspect of the environment while keeping so much else similar. Although sibling discordance studies can be traced to the 19th century, 2 rigorous use of the design began after World War II. In the 1960s, Record et al.
3,4 applied it to control familial confounding in their studies of the relation of birthweight to offspring verbal reasoning scores on school examinations. This remarkable work set an early precedent for subsequent studies 5 (as did other work by these authors). 6 Sibling discordance studies are particularly suitable for examining the relation of prenatal exposures to offspring outcomes. We use discordance in maternal exposures or conditions across pregnancies to indicate variation in the in utero experience of same-sex siblings. Same-sex siblings share enough stable aspects of family environment and genetic predisposition that the strategy substantially reduces the potential for confounding. This provides a major advantage over population studies of unrelated individuals. The approach also offers a major advantage over the twin design. Twins are, by definition, products of the same pregnancy, and, while their in utero experience can be very different, we resort to proxies such as birth outcomes to gauge this difference.
The elegant paper by Obel et al. 7 in this issue of the IJE offers an example of a study examining a prenatal exposure that compared results from a full population to results from discordant siblings within that population. It was a registry study of a national cohort in Finland. The authors first found a strong association between maternal smoking during pregnancy and offspring ICD-10 (International Classification of Diseases, 10th Revision) Hyperkinetic Disorder in the full cohort. Next, they identified mothers who smoked during one pregnancy, but not during another, and compared hyperkinetic disorder outcomes in the relevant siblings. This second analysis found only a minimal association. They concluded that the first result was confounded by family factors (genes and/or family context) and that there was little or no causal relationship between prenatal smoking and hyperkinetic disorder. The authors noted, however, that the validity of their conclusion rested upon a crucial assumption that family factors relevant to hyperkinetic disorder were stable and therefore similar across siblings.
Notwithstanding this caveat, the most plausible interpretation is that the sibling analysis revealed that the population result was confounded. Numerous other sibling discordance studies [8] [9] [10] (as well as other approaches 11 ) have also suggested that associations between prenatal smoking and offspring outcomes are especially vulnerable to uncontrolled confounding by family factors. Thus, our ability to interpret the many reported associations between prenatal smoking and offspring outcomes has gained much from the uptake of sibling discordance studies.
These studies have shown the value of conducting a sibling discordance study as a more stringent test after a potentially causal association is identified in a study of unrelated individuals. Yet, this use of sibling discordance studies has an inherent limitation. If the result is negative, suggesting that previous studies were confounded, we do not know whether the confounding was due to genes or family environment or both. Consequently, we do not gain any clear direction in the ongoing search for causes.
An intriguing approach has recently been developed that has the potential to differentiate confounding by genetic predisposition and by family context after a negative sibling discordance study. This design achieves systematic variation in genetic relatedness, which cannot be done in a sibling discordance study. The underlying logic is to examine the same prenatal exposure in different genetic contexts. The approach was made possible by the methods used in Assisted Reproductive Technology. Some of these methods create variation in the genetic relatedness of the pregnant woman to the embryo she carries. We describe here the essence of the design and refer readers elsewhere for further detail. 12, 13 The design compares the magnitude of the association between a prenatal exposure and an offspring outcome for two groups of children: genetically related to their uterine mother vs not genetically related. If the magnitude of the association is the same in the two groups of children, the result suggests confounding by family context. If the association is only present in children genetically related to their uterine mother, the result suggests confounding by genetic predisposition.
One of the first applications of this design was to investigate the relation of prenatal smoking to attention-deficit hyperactivity disorder (ADHD), which is similar to hyperkinetic disorder. 13 Among children who were genetically related to their uterine mother, prenatal exposure to maternal smoking was associated with ADHD; among children who were not, there was no association. This pattern of results suggested that genetic predisposition, rather than family context, was the main confounder of associations between prenatal smoking and ADHD. The study was small and cannot be considered conclusive, but it serves to illustrate the potential of the strategy.
Though this design is innovative and novel, it is most likely to be informative when deployed after a negative sibling discordance study has shown that a previously reported association from a population study was due to confounding. Otherwise, this design cannot distinguish a true causal effect of the exposure from confounding by family context. If a similar association between exposure and outcome were found in the two groups of children, either of these interpretations would be plausible. Also, it will produce a clear pattern of results only when either genetic predisposition or family context, but not both, are major confounders. Nonetheless, it represents an important advance, because at least in some circumstances it has the capacity to disentangle sources of confounding. We now briefly illustrate the broadening range of applications of the sibling discordance design. It is increasingly applied to address questions that have emerged from the use of new technologies. [13] [14] [15] In population studies, assisted fertilization is associated with adverse birth outcomes (e.g. lower birthweight and shorter gestation), and it has been postulated, quite plausibly, that these associations are due to the techniques used in assisted fertilization. Similar to the study by Obel et al., 7 a recent publication compared results from a full population to results from discordant siblings within that population. 14 In this instance, the siblings were discordant in being conceived with or without assisted fertilization. The authors found that assisted fertilization was associated with adverse birth outcomes in the full population, but not in the analysis of discordant sibling pairs. They inferred that the association of assisted fertilization with adverse outcomes could be due to stable characteristics of the couple, such as factors underlying infertility, rather than due to the assisted fertilization.
A second example is a study in which siblings discordant for periconceptual exposure to famine were used to examine whether this exposure had epigenetic effects that persisted until follow-up in midlife. 15 The study was small, but the results were consistent with an epigenetic effect on insulin-like growth factor 2 (IGF2) that was hypothesized a priori. Here, the discordant siblings were used to create a more compelling design within a small sample, rather than to test the validity of a previous result from a population study. Given the scant knowledge of the full range of epigenetic variation within populations, and of the causes of such variation, a study of discordant siblings was more likely to produce a meaningful result, by partially controlling a host of unknown and unmeasured family and genetic factors that were potential confounders.
As a segué to the next section, we consider a longstanding sibling design of a different ilk. The younger siblings of a child with a relatively rare disorder (e.g. 41% of children) are studied prospectively to identify causes of the disorder. If younger siblings have a much higher risk of the disorder than unrelated individuals (which they often do), the approach makes it feasible to conduct an in-depth prospective study on a reasonable scale. Comparisons are usually made across rather than within families; the sibling with the disorder serves as a marker for high risk. A current example is a study that is following younger siblings of children with autism. 17 Although these studies tend to assume a stable family context, they could also be used to examine effects of a dynamic family context. 18 Still another variation in this theme is a randomized controlled trial that targets the younger siblings of a child with the disorder, as was done in a trial of folic acid supplementation among mothers who previously had a child with a neural tube defect. 19 The implicit assumption is a stable family context. The randomization, however, may obviate the need to measure family context.
Sibling designs based on dynamic family context
From a broad array of sibling designs based on dynamic family context, we select two to characterize it, and a third to indicate the potential for new designs of this kind. We begin with birth order, which has known effects on health (e.g. birthweight). The birth of a sibling immediately changes the family social environment, and sets in motion a dynamic process that is manifest in varying relationships between siblings over the course of development. The birth of a sibling also follows on the changes introduced by the birth of previous siblings, which include the biological state of the mother.
The investigation of birth order and intelligence quotient (IQ) provides a good example of both the continuing value of earlier studies and of how recent studies have made significant advances on them. The notion that birth order is related to intelligence was put forward by Galton in the 19th century, but the first rigorous studies were done in the 1970s. A particularly influential series of studies was based in large cohorts of 18-year-old males in The Netherlands who were administered Raven Progressive Matrices and other neuropsychological tests at The time of military induction. [20] [21] [22] These were not initially sibling studies, but comparisons of individuals with different birth orders, controlling for other factors such as family size and interpregnancy interval. The last study in the series, however, did include a comparison between male siblings. 22 These studies showed (among other things) that: (i) higher birth order was related to higher scores on the Ravens and other tests; (ii) the relation of birth order to intelligence differed from the relation of birth order to height, which was taken as an indication that social aspects of family environment were involved in the relation to intelligence; and (iii) the relation held for comparisons between brothers in two-child families. To keep these findings in perspective, we note that the influence of birth order on IQ was much smaller than that of social class.
These findings were subsequently disputed on many grounds. A recent series of studies among Norwegian conscripts, however, replicated and extended them in a more definitive design. [23] [24] [25] Similar to the earlier Dutch studies, the Norwegian studies suggested that higher birth order is associated with higher IQ, that social rather than biological rank in the family accounts for the effect, and that the findings hold for within, as well as between, family comparisons. One of the ways in which the recent studies differed was that they explicitly included within, as well as between, family comparisons from the outset. These investigators also introduced an ingenious extra element in the design. They showed that boys who became the eldest after the death of their elder brother resembled the first born in the population, not the second born; and, similarly, that, boys who became the second eldest resembled the second born in the population, not the third born. Based on this comparison, they could infer that the birth order effect on intelligence reflected social position within the family.
Thus, it is now clear that the interpretation of the relationship between birth order and intelligence requires consideration of the family configuration as a dynamic social process. 26 Although this topic is beyond our scope here, we note two intriguing findings that underscore the importance of this perspective. First, children without siblings have, on average, a lower IQ than the eldest sibling. Secondly, the advantage of the elder sibling does not appear to be constant over time, but rather, varies over the course of development, and, according to some studies, may not be manifest until adolescence.
For a second example, we consider the interpregnancy interval. Like birth order, an effect of the spacing of pregnancies could reflect an influence on the family configuration, as well as on the biological state of the mother. An effect of very short interpregnancy interval, in particular, may be plausibly related to the latter if a pregnancy biologically depletes a mother in some way: the shorter the recovery, the greater the residual depletion. The early series of studies on birth order and IQ described above were, to our knowledge, the first to rigorously examine the impact of interpregnancy interval within families (they found no effect on IQ). 22 Recently, a large study carried out in California examined risk of autism in a second sibling as a function of interpregnancy interval. 27 The risk for autism in the second sibling was increased after a short interpregnancy interval, and especially after a very short interpregnancy interval (<12 months). The authors noted that a possible interpretation was an alteration of maternal physiology, perhaps due to maternal nutritional depletion. In this scenario, the birth of the first sibling influences maternal biology, and thereby the health of the second sibling. The influence of one birth upon another is the topic of interest.
A third design based on dynamic family context is still being developed but points to future directions. We have dubbed it 'the older/younger sibling design'. It involves an older sibling with an outcome (e.g. substance use disorder) who is considered to be not only a marker of increased risk but also a direct influence on a younger sibling. We are developing this design so as to consider the age-specific family environment that the younger sibling lives in as well as the larger social (peer/neighbourhood) environment the younger sibling must enter. Thus, it could offer a means to study the social processes by which high-risk children and adolescents progress to develop a health outcome, with implications for intervention.
Conclusion
Every complete medical exam elicits a family history, which influences clinical decisions. The advent of sibling designs in epidemiology reflects an awareness of the tremendous amount of information that can be obtained from examining health outcomes within the context of the family. Sibling designs, both stable and dynamic, have great potential for further development, and offer an avenue for significant advance in epidemiology.
